Abstract-This paper presents a novel approach for designing a decentralized controller for load frequency control of interconnected power areas. The proposed fuzzy logic load frequency controller (FLFC) has been designed to improve the dynamic performance of the frequency and tie line power under a sudden load change in the power areas. The effect of generation rate constraint (GRC) for both areas has been considered in the controller design. The proposed FLFC consists of two internal fuzzy logic controllers namely, the PDlike fuzzy logic controller and the PI-like fuzzy logic controller. The FLFC has been co-coordinated with the conventional integral controller. Time-domain simulations using MATALB/SIMULINK program has been performed to demonstrate the effectiveness of the proposed FLFC. The simulation results show that the proposed FLFC can provide good damping and reduce the overshoot even in the presence of the GRC.
I. INTRODUCTION
Large-scale power systems are normally composed of control areas or regions representing coherent groups of generators. The various areas are interconnected through tie lines. The tie lines are utilized for energy exchange between areas and provide inter-area support in case of abnormal condition [1] [2] [3] [4] [5] . Area load-changes and abnormal conditions, such as outages of generation, leads to mismatch in scheduled power interchanges between areas. These mismatches have to be corrected via supplementary control. In recent years, large tie-line power fluctuations have been observed as a result of increased system capacity and very close interconnection among power systems [1] . This observation suggests a strong need of establishing a more advanced load frequency control (LFC) scheme. LFC is one of the major requirements in providing reliable and quality operation in interconnected power systems. The primary objectives of the LFC in an interconnected power system are to regulate the frequency to the nominal value and to maintain the interchange power between control areas at scheduled values by adjusting the MW output power of the selected generators so as to accommodate changing in load demands [4] .
Many investigations in the area of LFC problem have been reported and a number of control strategies have been employed in the design of load frequency (LF) controller in order to achieve better dynamic performance [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In recent years, fuzzy system applications have received increasing attention in power system operation and control [16, 17, 19, 24] . Fuzzy logic based controllers have been suggested as an appropriate choice to control non-linear system [17, 18, 20] and are being investigated as an alternative to conventional control. The basic feature of fuzzy logic controllers (FLCs) is that the control strategy can be simply expressed by a set of rules which describe the behavior of the controller using linguistic terms. Proper control action is then inferred from this rule base. In additional, FLCs are relatively easy to develop and simple to implement. In the design of load frequency controller, it should be recognized that there is a limit to the rate at which generating unit outputs can be changed. This is particularly true of steam generating units where mechanical and thermal stress are limiting factor. The controller designed for unconstrained situation may not be suitable. The analysis performed in [11, 21] indicate that with constraints imposed by generation rate constraints (GRC), the dynamic responses of the power area experience larger overshoots and longer settling times, compared to the case without considering the GRC. This paper presents a design for LF controller to improve the dynamic performance of power areas under disturbances such as a sudden load changes. The generation rate constraint (GRC) has considered in the controller design. The paper is organized as follows: Section 2 provides the model of the power two-area. Section 3 shows the designed fuzzy controllers. The effectiveness of the proposed controller on the dynamic performance is also contained in Section 4. The conclusions are given in Section 5.
II.
MODEL OF TWO POWER AREA Fig. 1 shows the block diagram representing the two area power system. This model includes the conventional integral controller gains (K 1 , K 2 ) and the two auxiliary (stabilizing) signals (Δu 1, Δu 2 ). The stabilizing signals will be generated by the proposed fuzzy logic load frequency controller (FLFC). Each power area has a number of generators which are closely coupled together so as to form a coherent group, i.e. all the generators respond in unison to changes in the load. Such a coherent area is called a control area in which the frequency is assumed to be the same throughout in static as well as dynamic situation [1, 4] . It is conveniently assumed that each control can be represented by an equivalent generator, governor and turbine system. The conventional LF controller shown in Fig. 1 is based upon tie-line bias control, where each control area tends to reduce the Area Control Error (ACE) to zero. The ACE given in (1) for each area consists of a linear combination of frequency and tie-line power deviation [2] .
An overall satisfactory performance is achieved when γ i is selected to be equal to the frequency bias factor of that area. So 
The ΔP 12 (ΔP tie ) is the tie-line power deviation. The nomenclature used and the parameters values of the two power area are given in the Appendix.
There exists a maximum on the rate of change of power that can be generated by steam plants. The constraints of the nonlinear characteristics of the turbine control should be considered in the load frequency controller design. If these constraints are not considered in the controller design, the power area is likely to chase large monetary disturbance. The controller designed for the unconstrained situation may not be suitable. The analysis performed in [21] indicate that with constraints imposed by generation rate constraints (GRC), the dynamic responses of the power area experience larger overshoots and longer settling times, compared to the case without considering the GRC. Moreover, if the parameters of the controller are not chosen properly, the power area may have unacceptable dynamic response (large overshoot and long settling time) or become unstable. In the time-domain simulations presented in this paper, the linear model of turbine shown in Fig. 2 is placed by a nonlinear model shown in Fig. 6 . This replacement is done to take into account the effect of GRC that emulates the practical limit on the response of the turbine [11, 21] . 
A. Introduction to Fuzzy Logic Control
Fuzzy logic-based control (FLC) has been become an important methodology in control engineering and has been rapidly gaining popularity among engineers during the past few years [16] [17] [18] [20] [21] [22] [23] [24] [25] . This increased popularity can be attributed to the fact that fuzzy logic provides a powerful vehicle that allows engineers to incorporate human reasoning in control algorithm. The fuzzy logic is used in system control design because it shortens the time for engineering development and sometimes in the case of highly complex systems is the only way to solve the problem. The basic configuration of a fuzzy-logic control is composed of four principle components: a fuzzification, a knowledge base, a inference engine, and defuzzification [20] . Figure 3 shows the basic configuration of a FLC.
The fuzzifier maps the input crisp values into fuzzy variables using normalized membership functions and input gains. The fuzzy logic inference engine then infers the proper control action based on the available rule-base. The fuzzy control action is translated to the proper crisp value through the defuzzifier using normalized membership functions and output gains. improve the damping and reduce the overshoots) of the frequency deviations for the unequal areas and also to maintain the interchanged power (tie-line power) about the schedule, thus that loads in each area are self contained.
B. Fuzzy logic load frequency controller design
To achieve these two goals the FLFC is designed to have two fuzzy logic controllers working in parallel. The first is a PD-like fuzzy logic controller which uses the frequency deviation, Δf, and the rate of the frequency deviation Δ 2 f, in order to enhance the transients of the frequency deviation of each area. The second is a PILike fuzzy logic controller which uses the frequency deviation, Δf, and the tie power deviation, ΔP tie , to reset the tie power to zero. The use of the ∆f and ∆f 2 for a PD like is chosen basically to add a D component to the convention I-controller and thus improving the ∆f transient behavior. However, this component alone is not enough to provide good ∆P tie behavior especially at the steady state value. This created the need to use a PI-like fuzzy controller using the ∆f and ∆P tie signals to ensure zero power in the tie line after disturbance.
The output control signal from the FLFC, U f , is injected to the summing point of the designated area as shown in Fig. 5 . Introducing fuzzy logic control means introducing a non-linear controller. In this case integral control alone will not provide a complete reset to the error. This is the reason for providing a rest term using the fuzzy PI-Like controller. The PD-fuzzy controllers have been applied alone but they didn't give a good response for the tie-line power. Each input or output of both the PD and the PI like fuzzy controllers, (fuzzy variable, X = {Δf, Δ 2 f, ΔP tie , U pd , U PI }), is assigned seven linguistic fuzzy subsets varying from, Negative Big (NB) to Positive Big (PB). Each fuzzy subset is associated with a triangular membership function to form a set of seven normalized and symmetrical triangular membership functions for each fuzzy variable, see 
Σ
The X max and X min represent maximum and the minimum variation of the input and output signals. These values are selected based on simulation information. The selected value of X max and X min was based on the performed dynamic simulations under different system operating conditions including different load changes to obtain a robust modulated signal (output signal of the designed FLFC controller) which improve the dynamic performance (reducing the overshoot and improving the damping) of the system under diffent operating conditions and system parameters change. The range of each fuzzy variable is normalized between -1 to 1 by introducing a scaling factor to represent the actual signal so that:
The PD-Like fuzzy controller initial gains are given by [17, 18] :
Similar definition applies in the case of the PI-like fuzzy controller max max max
Where K Δf , KP tie , K upi are the gains of frequency deviation, tie power deviation, and the output control signal respectively. While, Δf max , ΔP tiemax , U pimax are the maximum deviation in frequency, tie-line derivative and max control limit respectively. These gains are actually scaling factors to adapt input signal to the normalized fuzzy membership functions. The reason of using the inverse of the signal expected maximum value is to provide full coverage of the membership functions range and thus utilizing the complete rule base. The values of maximum variation of the input and output signals (∆f max , ∆f max , ∆P tiemax ) can be easily found from the system simulations under disturbances [7] . These initial gains can be further tuned slightly to achieve better performance. The PI-like fuzzy control action can be achieved by integrating the output of a PD-Like controller [18] . Thus the final configuration of the proposed FLFC is shown in Fig. 5 . A symmetrical fuzzy rule set is used to describe both the PD and the PI like fuzzy controller behaviors as shown in Table 1 and 2. The fuzzy rules have been selected based on experience gained form different simulations. 
Each entity in the table represents a fuzzy rule of the from "if antecedent then consequence", e.g. the shaded rule in Table 1 is where μ(x) is the membership value of the fuzzy variable,
Defuzzification is achieved using the center of gravity method [20] . In general, if the control output membership functions centroids are represented by θ 1 ,…,θ M . Thus, for M rules, the crisp output of the controller is:
The net control action (U f ) of the FLFC is the sum of the individual PD and PI-like fuzzy controller outputs (U pd , U pi ) thus:
IV.
COMPUTER SIMULATION RESULTS
The block diagram of the simulated model of the two area system is given in Fig. 6 . The system is controlled by using: a) conventional integral controller; b) propose FLFC. The effects GRC for both areas have been included in the simulations. The GRC is taken into account by adding a limiter to turbine as shown in Fig. 6 . The values ± 0.2 are considered for the limits. In addition, to prevent the excessive control action, a limiter is also added to the integral control part. The simulations have been performed for the following two cases: 
Case 1: Simulations result with conventional integral controller
In this paper, the integral controller gains (K 1 , K 2 ) have been determined using eigenvalue analysis. Satisfactory system transient response can be achieved by improving the relative damping (damping factor) of the dominant eigenvalue modes associated with the frequency deviations. The common index for system damping is the relative damping of the dominant modes. The relative damping of a complex eigenvalues λ i = σ i ± jω i is given by (9). 
where ω i characterizes the frequency and σ i the damping behavior of oscillations.
Participation factors technique [4, 26] , can be used to associate state-variables (frequency deviation Δf i = 0, i=1,2) with the specific modes (dominant eigenvalues modes λ 3,4 & λ 5, 6 ). The participation factors P ki is defined as : Table 3 . The table clearly show that the system is stable at 0.3 gains setting (all eigenvalues having negative real part) while the system is unstable at 0.8 gains setting. The Participation factors have been calculated and the eigenvalues modes associated with the frequency deviations have been identified.
The calculated participation factors are given as : From the participation factors, it can be observed that the largest participation factor 0.4198 is associated with the eigenvalue modes λ3,4 while the largest participation factor 0.3918 is associated with the modes λ5,6. Figures  7 and 8 show the system frequency response with different values of integral controller gains K1 = K2 = K1,,2 under 20% and 1% changes in the load demand at area 2. From Fig. 7 and 8 , it can be seen that the gains K1 = K2 = K1,,2=0.3 gives the best damping response. From Table 3 and the time response shown in Figs. 7 and 8, it can be seen that the higher gains of integral controller can lead the system to instability. The results have shown that the system becomes unstable at K1,,2≥ 0.74. Optimization technique presented in [12] can also be applied to determine the optimal integral controller gains.
Case2: Simulations Result with the proposed fuzzy logic frequency controller
From the system dynamic response shown in Figs.7 and 8, it can be seen that the conventional integral controller provide zero frequency deviations (Δf i =0, i=1,2) in the steady-state but it exhibits poor dynamic performance; i.e. it exhibits large overshoot and less damping [1, 9] . In order to improve frequency damping (i.e. ensures zero frequency deviations in shortest time possible) and to reduce the frequency overshoot whenever there is any disturbance. the fuzzy logic frequency controller (FLFC) is proposed. To demonstrate the effectiveness of the proposed FLFC compare to the conventional integral controller, timedomain simulations of the two area power system have been performed under disturbances (1% and 5% load changes). Similar responses were obtained for load disturbance applied to area 2 as shown in Figs. 9-12 . Figures 9-12 show the system dynamic response for both 1% and 5% load change. From Figs. 9-12 , it can be seen that the dynamic response of the frequency and tieline deviations is less damped (large settling time) and large overshoot with only the integral controller for both disturbances. On the other hand the dynamic response of the frequency and tie-line deviations is well damped and the overshoot (%OS) is reduced with the proposed FLFC controller for all disturbances considered. The The optimal controller is design to minimize the quadratic performance index of the following form : The proposed FLFC has also been compared with the optimal controller determined by the LQR technique [9, 10] and it is found that the FLFC the proposed FLFC can achieve better dynamic performance than the optimal controller as shown in Fig. 13 . The state space model of the two-area under study and the designed optimal statefeedback gains determined by LQR are given as follows:
Subject to the dynamic system equation in (11), Q is a positive semi-definite matrix and R is a positive definite matrix. The optimal gain vector is given by :
The state-space equations of the linear time-invariant of the two power areas:
Where P is determined by solving the following Riccati equation :
The calculated optimal state-feedback gains are given as : 
] is the disturbance to the system. 
V. CONCLUSIONS
A decentralized fuzzy logic frequency controller (FLFC) coordinated with conventional integral controller has been proposed to damp out the deviations of the frequency and tie-line power for the interconnected power areas and also to keep the interchanged power at the scheduled value. The proposed FLFC incorporate two fuzzy logic controllers a PD-fuzzy logic controller and the PI-fuzzy logic controller. The PD-fuzzy controller uses the frequency deviation and the rate of the frequency deviation in order to enhance the transients of the frequency deviation of each area while the PI-fuzzy logic controller uses deviations of the frequency deviation and the tie line power to enhance the transient of the tie line power deviation and keep power in the tie line to the scheduled value. The computer simulations results show that the proposed FLFC is more effective means for improving the dynamic performance of the two power area compared to the conventional integral controller. The proposed FLFC controller still achieves good dynamic performance when the GRC is considered and ensures the stability of power areas for all load demand changes. Moreover, the proposed controller type is relatively simple and suitable for practical on-line implementation. 
